Recently, in a preliminary report, we described the ability of serum albumin to restore the capacity for oxidative phosphorylation to rat liver mitochondria uncoupled by various substituted phenols.1 Serum albumin exerts this restorative effect by actually binding and removing the uncoupling compounds from the mitochondria. We now have examined the morphology of mitochondria in the coupled, uncoupled, and recoupled condition. Furthermore, it was of interest to ascertain if another reported beneficial effect of albumin-promoting the ATP contraction of swollen mitochondria2-is accompanied by a corresponding restitutive change in mitochondrial structure.
uncoupling concentration of PCP to mitochondria suspended in a Tris-KCl medium. It should be pointed out that in a 0.25 M sucrose medium much greater concentrations of PCP (10-3 M) are required to effect an equivalent degree of swelling.3 As shown in Figure 1 , the addition of both serum albumin and ATP resulted in an immediate and rapid contraction of the PCP-swollen mitochondria. Of all nucleotides tested (ATP, UTP, GTP, ITP, ADP), only ATP was effective. It was found in these large-scale experiments that during the contraction induced by 600 Mmoles of The volume of all flask contents was adjusted to 100 ml with water. Twice recrystallized bovine serum albumin (BSA) 240 mg, and ATP in a final concentration of 6 X 10-3 M were added as concentrated solutions at the time indicated by the arrow. Incubations were at room temperature (240) for the times indicated. The contents of all flasks then were transferred rapidly to chilled tubes and centrifuged at 10,000 X g for 10' in a refrigerated centrifuge.
ATP, 33 ,moles of Pi were liberated (cf. ref. 4). Dicumarol and antimycin A had no effect on this contraction; oligomycin and gramicidin, in contrast, were distinctly inhibitory. The inhibition by oligomycin was not relieved by 2,4-dinitrophenol.
Independent experiments, summarized in Figure 2 , revealed that serum albumin alone, or ATP alone, was ineffectual in promoting rapid reversal of mitochondrial swelling induced by the halophenol. As can be seen in Figure 2 , serum albumin alone effected a "passive" contraction' of the mitochondria; however, this process was very slow compared to the rapid contraction which ensued upon the subsequent addition of ATP (note time scales of Figs. 1 and 2). Moreover, this passive contraction was insensitive to those inhibitors which prevented the ATP-induced contraction. The addition of Mg++ had no detectable effect eitheron the passive con-VOL. 50, 1963 BIOCHEMISTRY: WEINBACH ET AL. traction promoted by serum albumin or on the subsequent rapid contraction induced by ATP.
Restoration of Oxidative Phosphorylation.-The data in Table 1 show clearly that mitochondria swollen by PCP were completely uncoupled, and that those contracted by the addition of serum albumin and ATP were largely restored in their capacity for coupled phosphorylation. The inclusion of albumin in the medium used to determine oxidative phosphorylation was beneficial to mitochondria in all three conditions and actually conferred a substantial capacity for phosphorylation to the swollen, completely uncoupled mitochondria. The reason for this salutary effect of serum albumin will be discussed below. It is noteworthy that all preparations retained a considerable capacity for oxidative phosphorylation despite the attritions of a prior incubation, resedimentation, and resuspension. The presence of serum albumin in the phosphorylation media resulted in the complete removal of the halophenol from the mitochondria. (The albumin also may bind and remove endogenous uncoupling agents.) This provides an explanation for the partial recoupling of the swollen mitochondria. Even the swollen, then restored mitochondria (Preparation III), which contained less than an uncoupling concentration of PCP prior to the incubation, benefited from the additional albumin in the phosphorylation medium, presumably by a similar mechanism. The effect of serum albumin on the control mitochondria (Preparation I) may be related solely to the binding and removal of an endogenous uncoupler7 released by the attrition incident to the experimental procedures. One indication of the magnitude of this attrition was shown by the greater ATPase activity in all three preparations compared to the negligible activity of freshly isolated mitochondria. 8 A comparison was made of the amount of serum albumin necessary to protect mitochondria from the swelling action of PCP to that required for full protection against the uncoupling of oxidative phosphorylation by this halophenol. Previously, we had demonstrated that serum albumin must be present in an equimolar concentration to that of PCP to afford complete protection (or restoration) of phosphorylation.' This stoichiometry clearly does not obtain in the albumin protection against PCP-induced swelling. It is evident from the data of Table   TABLE 2 ... * Based on a molecular weight of 69,000. Preparations of bovine serum albumin (BSA), whose lipid content was removed by two independent procedures, gave results similar to those recorded here.
Oxidative phosphorylation was determined as described in the legend of Table 1 . Swelling experiments were conducted as described in the legend of Fig. 2 .
2 that the amount of serum albumin required to protect mitochondria from the swelling action of PCP is much less than the equimolar amount required for protection against uncoupling. It also was found that less than equimolar quantities of the albumin were sufficient as the adjuvant for the ATP contraction of the PCPswollen mitochondria.
Restoration of Mitochondrial Morphology.-Examination of the morphology of the three types of mitochondrial preparations (i.e., control; swollen; swollen, then restored) revealed that the swollen mitochondria were markedly altered in structure compared to the control, while the morphology of the restored mitochondria resembled that of the control (Fig. 3) .
Examination of electron micrographs of thin sections of the control mitochondrial pellets (Preparation I) disclosed that the mitochondria were spherical in shape and the cristae slightly swollen. The outer and inner membranes were intact with cristae distributed throughout the matrix (Fig. 3A) . These preparations compare favorably in morphology with mitochondria fixed immediately after isolation in 0.25 M sucrose. In contrast, mitochondria swollen with PCP (Preparation II) were grossly misshapen. Two distinct types were predominant; one, swollen to several times the size of the control, had a flocculent-appearing matrix which was almost devoid of cristae, and one of the two limiting membranes usually was indistinct or absent. The other type exhibited a condensation of the matrix, some cristae, and a swelling of the outer limiting membrane. The large space between the condensed matrix and the outer limiting membrane was without visible structure (Fig. 3B) .
The swollen and subsequently contracted mitochondria (Preparation III) had morphological characteristics similar to those of the control preparation. Although these mitochondria were not as spherical or as contracted as the control mitochondria, a matrix entirely filled the space within intact limiting membranes. Cristae were distributed throughout this matrix and resembled those of the controls (Fig. 3C) .
Discussion and Conclusions.-The capacity for oxidative phosphorylation and the morphology of mitochondria in different states of swelling and contraction have been examined. Specifically, the findings reported in this paper disclose that the biochemical and morphological changes induced in mitochondria by pentachlorophenol are reversible. Serum albumin is both specific and obligatory for the restoration of oxidative phosphorylation; and, except for the standard phosphorylative media,8 no other adjuvant is necessary. On the other hand, added ATP is needed, as well as serum albumin, for the restitution of normal morphology.
The mechanism by which serum albumin exerts its restitutive effect on oxidative phosphorylation is related to its ability to bind and completely remove the uncoupling phenol from the mitochondria. In contrast, the sequestering of the entire halophenol content of the mitochondria by serum albumin is not required either for protection against swelling (Table 2) or for contraction of the swollen mitochondria. An implication of these findings is that pentachlorophenol induces swelling indirectly, presumably by releasing a potent endogenous swelling agent. A similar mechanism has been postulated for the swelling action of another halophenol, thyroxine.2 4 Although characteristics of the swelling induced by pentachlorophenol resemble that induced by thyroxine,4' 9 there are distinct differences in the response of mitochondria toward these two compounds. The swelling caused by either compound is inhibited by 0.3 M sucrose, and its rapid reversal by ATP does not require the addition of Mg++. In contrast, the reversal of the thyroxinepromoted swelling may be accomplished by ATP alone,4 while serum albumin is obligatory for the ATP-induced contraction of the pentachlorophenol-swollen mitochondria (Fig. 2) . Pertinent to these observations is the fact that not all phenolic uncoupling compounds induce swelling of mitochondria. Indeed, 2,4-dinitrophenol not only fails to cause swelling but inhibits the swelling of mitochondria induced by thyroxine and other agents.9 10 Although equimolar amounts of serum albumin are necessary for the protection of mitochondria against the uncoupling action of pentachlorophenol,l a much smaller amount of the protein affords complete protection against the swelling induced by VOL. 50, 1963 BIOCHEMISTRY: WEINBACH ET AL. 567 this compound (Table 2 ). The demonstration that mitochondrial protein is capable of firmly binding pentachlorophenol" provides an alternative explanation to that given above for the quantitative aspects of protection by albumin. It has been postulated that ATP induces contraction of mitochondria by interacting with contractile elements in the membranes which presumably are proteins (cf. ref. 10). It is likely that pentachlorophenol interacts with mitochondria at multiple sites, one of which may be a contractile protein.
In previous studies we have demonstrated that pentachlorophenol does interact with a contractile protein, myosin.'2 Thus, it is conceivable that serum albumin, in less than equimolar amounts, removes only the pentachlorophenol bound to a contractile protein of mitochondria. Pentachlorophenol so bound may be more readily accessible than that bound to the sites of oxidative phosphorylation.
The restoration of the swollen mitochondria to a morphology resembling that of the controls may be attributed to the contraction of the swollen outer membrane by ATP acting upon an extended contractile protein. This could result in the extrusion of the imbibed water, and the refolding of the condensed inner membrane cristate system (cf. ref. 13 ). It should be pointed out that ATP generated during oxidative phosphorylation appears to be unable to effect the preservation of normal mitochondrial morphology. For example, in a detailed study to be published elsewhere, we found that mitochondria undergoing active oxidative phosphorylation exhibited marked distortion of their normal morphology. This distortion was evident in mitochondria incubated both in the presence and absence of pentachlorophenol and was little affected by the addition of serum albumin.
Although the swollen, then contracted mitochondria (Preparation III) were largely restored both in their morphological integrity (Fig. 3C ) and in their capacity for oxidative phosphorylation (Table 1) , it should be emphasized that the restitution to normal mitochondrial structure is not a prerequisite for the restoration of coupled phosphorylation. Conversely, it has been shown that the contractile process is retained in mitochondria which have irreversibly lost their capacity for oxidative phosphorylation.4
The pentachlorophenol-swollen mitochondria (Preparation II) exhibited a substantial capacity for coupled phosphorylation in the presence of serum albumin (Table 1) , despite their markedly distorted morphology (Fig. 3B) . This is in accord with numerous observations that submitochondrial particles, composed primarily of membrane fragments, can catalyze the coupled reactions of oxidative phosphorylation. 14 Regardless of the obvious difficulties in the correlation of mitochondrial structure and function,"5 the visible transition from the disrupted, disorganized state of the swollen mitochondria to that of relative structural order seems to us both remarkable and noteworthy. Resistance to the analogue 8-azaguanine has generally been found to correlate with loss of guanylic acid-inosinic acid (IMP) pyrophosphorylase activity in several biological systems' including 3 mammalian cell lines.2-4 From 2 of these lines mutants selected for even a small degree of resistance contained very little or no pyrophosphorylase activity.2 4 From the other cell line a partially resistant mutant was also isolated in which no change in pyrophosphorylase activity occurred, as well as another mutant (resistant to 8-azaguanosine) which "displayed about onehalf of this activity."3 To investigate further the mechanism of partial resistance we have now isolated several lines of mouse fibroblasts (L cells) which show a small degree of resistance to 8-azaguanine, and have found them to contain [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] per cent of the IMP pyrophosphorylase activity of wild-type L cells.
